INTRODUCTION
Physicians and nurses have for several years used small handheld devices, such as PDAs, as a replacement for pen and-paper and medical reference books [1] . Such devices have in recent years received wide adoption in health care and are increasingly used for ubiquitous clinical information access [2] . However, to further enhance user acceptance [3] , and to reduce medical errors in the process of entering and retrieving information [4] , hardware and software design must be improved. While much work has been done to improve and optimize clinical software designs for handhelds, few studies have reported which interaction technique is optimal for use in a point-of-care setting.
Physicians, who are the primary users of such systems in hospitals, often have a strong standing in their institution, and have a large degree of freedom in their choice of work methods and organization [5, 6] . They often choose what tools they want to use, and they also have the power not to use tools that do not accommodate their needs. They can leave the handheld device in the desktop drawer, use old fashioned pen-and-paper, or rely on their excellent memory if they want. 
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While established guidelines and principles exist for the specification of GUIs [7, 8] , few such guidelines exist when it comes to choosing and specifying the interaction techniques used by the system. Such decisions are mainly based on quantitative measures [9] . However, in healthcare there are other factors, social and physical ones, which are equally important for the overall usability of a mobile information system [10] . Take a ward round as an example. Here, factors such as the ability of the doctor to attend the patient rather than the user interface [11] , the ability of the patient to be aware of the doctor's actions [12] , and the ability of the doctor to communicate non-verbally with the device [13] , are important to allow "sensitive or full patient disclosure" [14] . Whether one interaction technique is 10% faster than another is of less importance. Therefore, we have in this study mainly focused on qualitative measures, such as the doctors' and patients' preferences and concerns about the interaction techniques.
Our main research goal with this study has been to find out which interaction technique a PDA-based point-of-care medication system should employ. To find the answer, we have evaluated commonly used basic interaction techniques and compared them with their current paper based counterpart in a series of ward round simulations with physicians and patient actors.
A. Background
While most usability evaluation studies have covered a single system, several examples of comparative usability evaluations of multiple design alternatives are found in literature. Traditionally, when performing comparative studies of interaction techniques, time completion rate, error rate and other quantitative measurements are used to decide which design to move forward with. One of the earliest attempts in the HCI-field was conducted during the development of the Star user interface [9] back in the 1980's, where several design concepts were developed using comparative evaluations. A standard for something as trivial as selecting, copying and pasting text using a mouse was not yet established, so the Star team designed several different solutions for text selection and exposed them to users. The team measured the completion times of each solution, refined the "winner", and used it in new design iterations.
The usability design lifecycle [8] represents a similar process: Explore the design space by developing several different design solutions, evaluate them, and use the best designs or design elements as a basis for a new or improved solution.
Similar studies have been performed within the health care domain. One study made a direct comparison of Tablet PCs and PDAs for point-of-care documentation using focus groups and usability walk-troughs with end-users [15] . They found that the amount and complexity of the data to be entered were important factors for the physicians' preference. Tablet computers were better suited for complex high volume data entry, while PDAs were preferred for simple low volume data entry.
Another study found that some users used their finger or the hardware buttons to operate handheld prototypes when comparing interaction techniques for a PDA-based health information system, even when the system under test was designed for stylus usage [16] . This demonstrates that the users do not necessarily consider the stylus as the optimal solution for point-of-care usage.
A review of studies comparing paper and PDA demonstrated that handhelds in general are a faster and preferred alternative to paper-based data collection [17] . However, another study found that paper-based media has much richer interaction capabilities compared to electronic media, such as PCs and PDAs [18] .
II.

CANDIDATE INTERACTION TECHNIQUES
In this study we have compared the three most common techniques for interacting with a small handheld computer. The techniques are supported by most current PDA models. As a baseline we present the current paper-based practice (Fig. 1.) .
A. Stylus.
The stylus is a small and thin pen-like device used to point at and interact with GUI elements displayed on the PDA touch screen. It is designed to fit into a slot in the handheld device for storage when not in use.
Very few studies on PDA-based medical applications explicitly report which interaction style was used. However, judging from screenshots and the size of the user interface controls of a selection of PDA-based health information systems (reported by [3] ) they all use the stylus as the main interaction technique.
B. Finger.
Handheld devices with touch screens also allow the users to user their fingertip or nail to interact with the device, although with reduced accuracy.
A number of mobile phone vendors have recently started producing smart-phones with touch screens that are particularly designed for finger based interaction (e.g. iPhone) proving the practicability of this approach. This has resulted in a wide range of simple personal health applications based on finger interaction for touch based smart phones. We have not found any other studies describing PDA-based systems specifically designed for finger usage in the health care domain. However, there are several examples from other domains (e.g. [19] ).
C. Buttons.
Most PDAs also allow interaction with the system through hardware buttons, which are positioned below or around the touch screen.
Recently smart-phone vendors have produced devices that enable the users to slide out a full hardware qwerty-keyboard in addition to the touch screen. Some health care systems (presented in [3] ) exist in versions for mobile phones, using only hardware buttons for text entry and navigation.
D. Current paper based practice.
The general concept of a paper-based medical-chart has been developed over centuries of medical practice. In the large regional university hospital in Norway where this study was conducted, "The Chart" (as it is widely named by its users) is a collection of important medical documents about the patient, gathered in a binder. It is used as documentation when the health worker is visiting the patient [20] . The main document is an A4-sized form containing the most important information about the patient, such as blood pressure, body temperature, prescribed medication, etc. In addition the binder contains other documents such as recent test results or reports.
III. METHODS
When performing formative evaluations of mobile systems it can be beneficial to do so in realistic environments. If doing otherwise, one might find usability problems in the graphical user interface, but will fail to find critical usability problems concerning the physical and social aspects of usability [10, 21] . In ward round situations field studies are often considered the optimal research method, but due to issues such as patient safety, time cost, and the lack of control they are not always the method of choice [21, 22] .
A. Experimental design.
For this experiment we utilized a usability laboratory where we recreated the hospital environment and evaluated the interaction techniques in a "hospital ward simulator" with real physicians who played out realistic ward round scenarios. The general setup was a simulated ward round where a physician made changes in the medication of patient impersonators using four different information systems; three PDA-based medication systems and one paper based medical chart.
B. Location and recording equipment.
The tests were conducted in a usability laboratory for testing medical systems at a research center connected to the regional hospital area. The laboratory is a full-scale model of a section of a hospital ward with two patient rooms, one office for health workers and one hallway connecting the rooms. Only one of the patient rooms was used in the experiment. Adjacent to the lab area is a control room with recording and editing equipment.
The PDA's screen content was wirelessly mirrored and mixed real-time together with video streams from four cameras and audio streams from three wireless microphones. Three of the cameras were mounted in the ceiling and were remotely controllable from the control room. The fourth camera, a non-intrusive mini camera, was mounted on the bedside, giving a video stream from the patient's perspective. All together the recorded video provided details about the overall care situation and the physician's interaction with the GUI, with the physical device, and with the patient. Fig. 2 shows the resulting video stream.
C. Handheld iriformation system.
PDAs are better for low volume and simple data entry [15] . Therefore, the prototypes were deliberately designed with only four functions; prescribe a new medication, change, pause, or cease treatment of a prescribed medication. The first function required more effort (select medication, medication dose and medication administration) than the three other (select prescribed medication and change it). In the medication selection process we simulated an idealized form of context dependency to reduce the length of the medication list. The list only presented medications that were reasonable to be prescribed in the particular scenario. Each task required only 3 or 4 buttons to be pressed in the user interface.
The user interface was designed using minimal attention user interface principles [19] , and the symbols and icons used were already well known from the paper chart or other applications (screenshots are found in Fig. 3 , left and middle). In the simulations, we used a Fujitsu Siemens Power Loox. This PDA offers input with stylus, finger, and hardware · .
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Three versions of the prototype were developed, each adapted for interaction with stylus, finger and device buttons. The differences between them were minor; the finger prototype had larger GUI-buttons than the stylus prototype, and the button prototype had an indicator moving between GUI-buttons as the user navigated through them with the hardware buttons (the touch screen was disabled).
The main rationale for making the handheld medication prescription system basic and simple with few functions and few screens was that the number of navigation and usability problems often increases with number of functions and navigational complexity.
D. Paper based interaction technique.
The paper based interaction technique used in the simulations employed the paper chart as in use today (Fig. 3,  right) . Domain experts, a senior physician and a nurse, were involved to create a realistic paper chart for the fictive patients used in the scenarios. However, it contained only the same information that was available on the PDA.
E. Test order.
A within-subject testing approach was chosen to limit the number of tests and test subjects. Thus each participant tested all user interfaces. The order of the tests was rotated between the tests to control and reduce possible order and learning effects. To reduce the number of patient impersonators, the two patient cases were alternated so that patient scenario A and patient impersonator A was used with the first and third interaction method while patient scenario 8 and patient impersonator 8 was used with the second and fourth. Pilot testing with physicians not part of the study revealed that they were able to play the scenario realistically despite repeating the scenarios.
F. Test participants.
Fourteen physicians participated in the study. They were all recruited from a large regional hospital and were paid for their participation. Their age ranged from 25 to 60 (M=41,4 / SD=11,7), with an even distribution of male and female.
Three sociology students on a graduate level (used because of their ability to observe and report social behavior and interaction) and a last year PhD student in health informatics acted as patients during the tests. The patient actors were aged from 26 to 47 (M=33,0 / SD=9,9). Three of them were female and one was male.
G. Patient scenario objectives. Two patient scenarios were developed in cooperation with domain experts (a physician and nurse). The purpose of the patient scenarios was (1) to provide a realistic clinical situation, (2) to employ the physicians' professional experience and practices, (3) to reduce the scope of the dialog in the consultation, (4) to reduce variations in the outcome and (5) to make sure the physicians had at least one interaction with the PDA or paper chart during the visit, triggered by the patients' complaints and concerns. One of the scenarios is provided below:
The patient is a 44-year-old woman hospitalized with an acute episode of Crohn's disease since two days. The treatment was started right after admission of the patient.
It comprises (1) Prednisolon (Prednisolone), 20 mg, tablet, twice a day , and (2) Salazopyrin (Suljasalazine), 500 mg, tablet, three times a day. During the ward round the patient discloses to the physician that she has developed an itching rash over her whole body. She remembers that she had a similar reaction to some antibiotic, but does not remember its name.
H. Instructions to physicians.
As part of the preliminary briefing we explained that the motivation for the experiment was to "test a user interface for a medication module for an electronic patient record system". Each participant was also given a guided presentation of the laboratory and the associated control room. They were also presented with the general tasks to carry out during the tests. Since the purpose was not to find usability errors of the system as such, they were able to familiarize with the prototypes prior to the experiment.
In the preliminary briefing all the test subjects were encouraged to communicate and interact with the patient impersonators during the test, as they would have done with actual patients in real clinical situations.
I.
Instructions for patient impersonators.
Before the arrival of the physician, the patient impersonators were given detailed instructions how to behave according to the patient scenarios and asked to memorize this. They were not given any explanation of the research questions being studied.
J.
Test execution.
At the beginning of each test, the participant impersonator was lying in the bed in the patient room. In the hallway the physician was reminded of the case description of the next patient case and the user interface she would be using. This recapitulation was repeated for each new case, while the next patient impersonator was assuming his position in the patient bed. After completing all tests, the physician was interviewed about his or her experiences during the test and about their opinions regarding mobile computing in hospitals in general. The interview was performed in a semi-structured form with some predefined questions, but the physician was encouraged to raise other issues of personal concern in the context of the test.
The different prototypes were discussed in the order they were used in the test. To facilitate discussion and to avoid misunderstandings, cards with symbolic pictures of the different prototypes were provided for reference. They also had the paper chart and PDA available.
The second part of the interview focused more on general and open questions about the physician's opinion on potential distraction by the information devices, suitability for real life usage and the patients' anticipated perception of PDAs at the point-of-care.
After debriefing the participants, they were asked to fill in a questionnaire on personal data, job details, and their previous experience with computer and PDA usage. Afterwards the physicians were given the opportunity for an informal concluding chat.
L. Card ranking
During the interview the physicians were asked to rank the interaction techniques devices in a card sort exercise, where they ordered the cards representing the interaction techniques by preference (ties between cards were not allowed). They were asked to state the reason for their final rank order.
M Patient focus group.
When all 14 physicians had tested the four interaction techniques, we arranged a focus group where the patient actors participated. During this session we asked them about their observations and experiences as patients.
N. Analysis J) Video data from usability evaluation Given that usability problems of mobile devices often go beyond the graphical user interface [10] , we made detailed observations of (1) usability problems related to the user interfaces, (2) usability issues regarding the different interaction techniques, (3) issues regarding the physical and bodily aspects of usability, and (4) issues regarding the social aspects of usability. The video data from the experiments were transcribed and analyzed by two observers.
2) Physician interviews and patient focus group
The interviews were transcribed and analyzed to find the physicians' opinions and concerns about each technique. The interviews data were analyzed in software for qualitative studies (QSR NVIVO 8) using an approach inspired by grounded theory [23] .
3) Preference Ranking
The card ranking data was used to calculate a quantitative measure of the physicians' interaction technique preferences. The preference ranking of each user was coded from 1 (least preferred) to 4 (most preferred). A Friedman test was used to reveal if there were any significant rank differences in the data set, and a Mann-Whitney test was applied to each pair of interaction technique to reveal any significant rank differences between them.
IV. RESULTS
The ward round simulations offered a realistic view on how the physicians used the paper and PDA at the point-of care. Together with data from the survey, card ranking exercise, patient focus group, and physician interviews, we were able to get a good impression of the qualities of the different interaction techniques. First we present general results from the survey, preference ranking and patient focus group. Next, detailed findings from the observation and physician interviews are presented.
A. Survey
The survey revealed that the participants' level of experience with computers was very good. They all used computers daily, both in their job and privately. One participant reported using computers privately weekly only.
The level of experience with handheld computers, such as PDAs, was generally very low. Only 2 of the participants used PDAs or other handheld computers daily in their job, while the rest used it rarely or never. Two physicians used a handheld computer daily in private, one weekly and the rest rarely or never. Table I shows the preference ranking results. The total score illustrate that stylUS and finger were preferred over buttons and paper. Paper was the least preferred interaction technique. The Friedman test uncovered significant rank differences in the data set (p = 0,009, CF=95%). However, the Mann-Whitney test revealed only significant rank differences between paper and styluslfinger (see Table II ).
B. Preference ranking
The card ranking provoked the users reflection by reminding them what they had just used. Instead of having to remember the differences, this knowledge was provided to them through the cards. We also observed that very few referred to the interaction techniques by name -they rather referred to it by pointing at the card or the device, which was available during the card sort. When sorting the cards in the preferred order, the physicians reasoned and argued for their decision. This revealed what the important usability factors were for them. These factors, and the way the interaction technique accommodated them, decided the position of the card in the stack. The aspects mentioned during the card sort are reported together with the interview results in section D.
C. Patient focus group
The patient focus group revealed that the patient actors did not notice any differences between the various PDA based medication systems. However, they claimed to experience "more embarrassing silence" during the simulated ward rounds when the physicians used the PDA. This silence prevented them from asking questions because they did not want to disturb the physician. They found it easier to ask questions when using the paper chart.
The patients also perceived physicians as being more confident and comfortable when using the paper chart, something that made them trust the physicians more. This was visible in the observation data through more eye contact and a livelier conversation while writing in the chart. On the other hand, the patient experienced the PDA as less invasive because it took less space between the patient and physician.
However, due to the low number of patients and the fact that they were not real patients, these results should be used as nothing else than an indication of patient experience and a direction for further work on how patients perceive handhelds compared to paper charts.
D. Ward round simulation and physician interviews
In general, the physicians found the mobile device input faster and its content easier to read compared to handwriting. Some found the devices almost as simple as paper. One of them said; "This was quite simple to use. If I tried it for weeks or months it would be as simple as the one I'm used to [the chart]." However, most of them were worried about software malfunctions, usability problems or other situations forcing them to spend a lot of time fiddling with the device.
Because they already had access to medication names and dosages, the chances of making mistakes were reduced. In addition, mistakes were easier to correct. One of the physicians said; "From a quality perspective I would prefer the PDA, because I tend to misspell things. That makes me look up things, but [the PDA] does this automatically."
Several liked the physical attributes of the handheld device; it was easy to carry and it fit in their pockets. On the other hand, the small screen gave a limited view of information compared to paper. This made it hard to get a good overview, especially for heavily medicated patients with a complex medical history.
1) Stylus a) Observations:
The usage of the stylus interaction technique mostly revealed ergonomic usability problems. A few physicians had problems locating the stylus in the PDA. Others had problems taking it out of the PDA and some physicians fiddled with the stylus during the patient conversation. We also observed a few incidents where the stylus "got lost" in the lab coat pocket because the user placed the handheld device and the stylus in the pocket separately. b) Interview: Some physicians experienced the stylus interface as faster and more accurate than finger and button. One physician pointed out that he was "not as distracted from the patient with this one as for the other two [finger and button]". However, many physicians considered the stylus as an extra thing to be dependent on, and to get distracted of. They were also worried about the stylus being lost or misplaced. As one of them said: "Physicians are very good at misplacing things and put things in their pockets, so the stylus will be lost the first day. Your finger will probably not." He also pointed out that they "will need a big box of styluses". Some also commented that it was awkward to get the stylus in and out of the PDA every time they used it. c) Card ranking: Despite the problems, stylus was ranked as most preferred by the physicians. A total of 6 ranked it highest. None ranked it as the least preferred. However, there were only significant differences with paper.
2) Finger a) Observations: In general the physicians managed to use the finger interaction technique without larger problems. However, we observed a few occasions of pressure and accuracy problems during the ward rounds with finger. In a few cases the physician were able to operate the device with only one hand. We did not see this for the other interaction techniques.
b) Interview:
The main argument in favor of the finger interaction technique was that the physicians were "not dependent on a separate tool [the stylus] because you always have your finger with you". Many pointed out that the interaction with the PDA is not a problem as long as the screen and buttons are large enough. When comparing finger and button many users liked that they could directly select their target without clicking through several steps to reach it. However, for many users finger felt inaccurate and some were worried about how much pressure to apply to the touch screen. In addition some users felt that their fingertip was too large for some user interface elements. They felt that the buttons was hidden under the finger and that they had to do an extra check before they pressed them. c) Card ranking: Finger was ranked as the second most preferred interaction technique. Four physicians ranked this method highest and one ranked it lowest.
3) Button a) Observations: The button interaction technique caused most problems. Common mistakes were that they navigated the marker too far, or that they accidentally double-tapped the button. Another common mistake was that they used the finger to press the on-screen buttons even if they were instructed to only use the hardware buttons. In general the users spent longer time to finish their tasks with this interaction technique. When using the other interaction techniques, the physicians often used their finger, stylus or analog pen as a reference point in the device or chart to keep track of their reading position in the information. With the button technique this was harder because their fingers were occupied with the hardware buttons. b) Interviews: Some users commented that user interface "was like a mobile phone", a device they felt comfortable with. With this interaction technique they could use their finger, and even one hand. They liked the immediate physical and audible (click) feedback from the buttons, in addition to the marker indicating the current selection. Some experienced button as more secure, because they were forced to confirm their selection with a click on the center-key. With the other techniques they feared selections by accident.
A few physicians found button unsuitable for longer list, because it caused a lot of button presses. Several considered this interaction technique as more distractive. As one said it; "I noticed that I had to change my focus, gaze or thoughts from a screen to a keyboard", because they had to constantly move their focus from the screen to the device buttons and back again.
The colored marker was not enough feedback for some users; "Even if the color changes, you are not sure where you are". Another problem was that the physicians had to move the marker towards what they wanted. With the other interaction techniques they could go there directly. c) Card ranking: Button was the least preferred of the PDA-based interaction methods. Yet, it was ranked better than paper. Three ranked it as their most preferred method and equally many ranked it as their least preferred.
4) Paper a) Observation:
The physicians showed a variety of holding techniques when standing and writing in the paper chart. Usually writing while standing did not seem to bother them too much. However, in some cases the users experienced problems when writing in the chart; they got tired in their arm and were forced to change their holding position several times, or they were distracted by their ID card, which was placed around the neck in a line and obstructed their writing. Another source of minor distractions was the pen. Sometimes the physicians had to search for it, other times they had to click it to get it working. b) Interview: The paper chart was the interaction technique most users were confident with. They commented that it provided better overview because more information was available on the page, such as blood pressure, heart rate, and allergies. Flexible input with the "analog" pen, freedom to make notes, and the ability to easily share the paper with colleagues was appreciated.
On the other hand, many physicians commented that handwriting made it easier to make mistakes, harder to correct them, and more difficult to interpret the information. They also commented on the greater risk of medication errors and interactions, or that they had to take heavy reference books with them. As one physician said; "( ... ) its more that you don't get the same quality of information. It is hard to write medications, they have complex names. It could be nice to have some support". In addition, the information registered in the paper chart cannot be reused by other systems, so it has to be registered twice. As one physician said; "Quick and easy to use, but more work afterwards." They also had to remember things such as medication name and dosage, rather than selecting from a list.
Some younger physicians commented that the patient chart was large and good to hide behind and less disturbing than PDA. In addition they liked that there was no chance of crashes or software malfunctions; "the paper chart has its advantages; it works as long as you can write". c) Card ranking: Paper was ranked significantly lower than the PDA based interaction techniques. Only one ranked it as most preferred while 9 ranked it as the least preferred.
V.
DISCUSSION
The study provides both insight into the general attitude of physicians towards PDA-based clinical information systems, and their opinions and preferences concerning different input techniques. While the particular findings about each specific interaction technique can be of interest to usability practitioners when selecting the primary form of interaction with the system, we have acquired an Table III. Looking at the general assessment of physicians' attitude towards information devices in clinical practice, the study shows, that while some reservations and fear for potential problems exists, today's physicians are open for future implementations of PDA-based systems. While physician hold strong expectations about the advantages of such systems, e.g. to facilitate information lookup, it is important to scrutinize and consider the raised factors, e.g. patient experience and software malfunction, when designing a system for routine usage.
The comparison of the different input techniques reveals that physicians do have strong opinions about the input techniques they use and that these opinions vary widely between individuals. This is very clearly demonstrated by the fact that even the least preferred input technique is still most preferred by more than one fifth of the participants. Given the very simple usage pattern in the tests, it is even imaginable, that user preference ranking might be reversed for different usage patterns, e.g. scrolling long lists or multi-selection. Moreover, new technologies, such as touch screens with better precision and tactile feedback [24] , together with increased popularity, will make the views on mobile devices and appropriate interaction techniques evolve quickly.
Some of the emerged issues with the different input techniques could be attributed to lacking experience with PDAs and the medication system and could be expected to vanish with increasing usage experience. But we think it is of major importance to realize the significant role of input techniques when designing any mobile information system for point-of-care usage and to include the selection of input techniques as an essential part of the interaction design process. Given the large variation in users' preferences it often seems advisable to provide the system with mUltiple input techniques and leave the final choice to the user to accommodate their individual needs. However, this requires the user interface to be tailored to accommodate all the interaction techniques, which may require suboptimal and costly solutions.
A. Methodological Limitations
One validity constriction of the study is that the patients were not real patients -they were carefully instructed actors and were not sufferers of the medical problem they simulated. However, when asking the physicians about the realism of the simulations they all gave a positive response. In addition, judging from the observations, most of them seemed to be "on duty" and asking questions and acting like physicians do. On the other hand the patient actors reported that they might have acted differently if they were real patients.
Another validity issue is that the medication system used in the simulated ward rounds did not compare to reality. The functionality was too sparse, and the user interface too simplistic. Interestingly, only a very few physicians commented on this -the simple system offered exactly what they needed. The reason was that the scenarios and patient cases were carefully aligned to the functionality offered in the prototypes.
It also has to be noted, that due to the recruitment process the participants' willingness to use new information systems probably was above average of the whole professional group.
VI. CONCLUSIONS
In this comparative evaluation study we have used simulated ward rounds with physicians using a paper version and three PDA versions of a medication prescription system using stylus, finger and button interaction.
The great variance between the different interaction techniques makes it hard to select which technique a PDA based point-of-care medication system should employ. Since technology is evolving and user preferences are bound to shift, the important contribution in this study is the factors that affects physicians' (and patients') acceptance of a mobile point-of-care system.
The results show that PDA-based systems have some qualities that make physicians willing to replace their paper based medication systems. Paper had a number of benefits compared to PDA; the users were confident using it, it provided better information overview, and it supported the patient-physician dialogue better. However, no undo mechanism and poor error prevention on paper made the physicians prefer the PDA-based solutions, despite generally low experience with handhelds and sparse training on the information system. This study can inform the design and choice of interaction techniques on new handheld point-of-care systems.
